ABSTRACT Time-resolved wide-angle x-ray scattering (TR-WAXS) is an emerging biophysical method which probes protein conformational changes with time. Here we present a comparative TR-WAXS study of native green-absorbing proteorhodopsin (pR) from SAR86 and a halogenated derivative for which the retinal chromophore has been replaced with 13-desmethyl-13-iodoretinal (13-I-pR). Transient absorption spectroscopy differences show that the 13-I-pR photocycle is both accelerated and displays more complex kinetics than native pR. TR-WAXS difference data also reveal that protein structural changes rise and decay an order-of-magnitude more rapidly for 13-I-pR than native pR. Despite these differences, the amplitude and nature of the observed helical motions are not significantly affected by the substitution of the retinal's C-20 methyl group with an iodine atom. Molecular dynamics simulations indicate that a significant increase in free energy is associated with the 13-cis conformation of 13-I-pR, consistent with our observation that the transient 13-I-pR conformational state is reached more rapidly. We conclude that although the conformational trajectory is accelerated, the major transient conformation of pR is unaffected by the substitution of an iodinated retinal chromophore.
INTRODUCTION
Since their discovery during gene sequencing of marine bacteria recovered from ocean seawater (1,2), proteorhodopsins (pR) have been recognized as light-driven energytransducing integral membrane proteins closely related to the archeal bacteriorhodopsin (bR). Genes containing the pR sequence have been recognized throughout the world's oceans (1) (2) (3) and cell culture studies have demonstrated that pR plays an important physiological role in lightenhanced growth and survival during starvation (4, 5) . In combination with the wide prevalence of pR homologs in diverse marine bacteria and some marine eukaryotes, these findings suggest an important, yet until recently unsuspected role of pR in powering the ocean's ecology (3, 6) .
Proteorhodopsin cloned and overproduced from the Sar86 pR gene is the best characterized of this family of seventransmembrane a-helical bacterial membrane proteins (7) .
A retinal molecule is covalently bound via a protonated Schiff base to Lys 231 of helix G. After the absorption of a single photon the all-trans retinal rapidly isomerizes to adopt a 13-cis conformation, which induces a sequence of specific structural changes in the vicinity of the retinal that propagate with time throughout the protein. Several spectroscopic studies show that green-absorbing pR displays pH-dependent color changes and has a photocycle similar to that of bR, with comparable intermediates states (named PR, K, L, M, N, and O) but with a slightly slower turnover (8) (9) (10) (11) (12) (13) . As with bR, the primary proton transfer event occurs on a timescale of microseconds and proceeds from the protonated Schiff base to Asp 97 (8) (9) (10) , which is located immediately on the extracellular side of the retinal. Unlike bR, however, deprotonated retinal is rapidly reprotonated from Glu 108 on the cytoplasmic side and a significant population of the M-intermediate (10) , in which the retinal is deprotonated, only builds up at high pH (R9). This difference has been suggested to be related to the absence of a proton-release complex comparable to Glu 194 /Glu 204 found in bR, for which the equivalent residues are replaced with the hydrophobic Leu 209 /Leu 219 (8) . Time-resolved wide-angle x-ray scattering (TR-WAXS), which was originally applied to study small molecules in solution (14, 15) , has recently been developed as a novel structural tool for probing protein structural dynamics in real time (16) (17) (18) . This emerging biophysical method provides information about the number of distinct structural conformations and the rates at which these conformations form and decay within the sample. Moreover, unlike crystallographic methods (19) , the nature of the protein conformational changes are not restricted by crystal lattice contacts. Because the extracted difference WAXS spectra correspond to the global protein conformational changes recorded from an ensemble of randomly oriented protein molecules, the information content recorded is lower than that accessed using crystallographic methods. Despite this limitation, significant progress has been made in developing analytical tools for structural refinement of tertiary and secondary structural movements against TR-WAXS difference spectra (17, 20) . In comparison with advanced spectroscopic methods such as time-resolved Fourier-transform infrared (12) or electron paramagnetic resonance (21) spectroscopy, TR-WAXS has the key advantages that it directly probes protein conformational changes over timescales from picoseconds (18) to seconds without the need to introduce labels that potentially affect the protein's conformations (21) . On the other hand, TR-WAXS cannot yet provide local structural information concerning specific amino-acid residues, which (under favorable circumstances) can be achieved using Fourier-transform-infrared spectroscopy (22) . It has been proposed to use site-specific heavy-atom labeling to simultaneously record both local and global conformational changes in proteins using TR-WAXS (23) .
bR and pR were the first integral membrane proteins to be characterized using TR-WAXS (20) . Significant structural rearrangements of a-helices were observed in bR before the primary proton transfer step from the Schiff base to Asp 85 , and the transition from an intermediate to the late conformational state was regarded as a smooth structural evolution driven by the deprotonation of the retinal Schiff base (20) . In contrast, the structural evolution of pR could be described by only one major structural component over the time-window from 20 ms to 100 ms, with additional structural states indicated for shorter timescales (20) .
In this study, we chemically modify the retinal chromophore in pR and use TR-WAXS to characterize the resulting perturbations to the evolution of structural changes over time. Specifically, retinal in native pR is replaced with a halogenated derivative whereby the retinal's C-20 methyl group (which is attached to C-13 of the retinal) is substituted with an iodine atom to create 13-desmethyl-13-iodoretinal (13-I-pR). This choice of substitution derives from its relative ease of synthesis and the widely held view that steric interactions of the retinal's C-20 methyl group with the protein play a crucial role in the coupling of retinal isomerization to protein conformational changes (24) (25) (26) .
Our findings show that the pR photocycle is more dramatically perturbed by this substitution than is the case for bR, with the photocycle kinetics accelerated by an order of magnitude relative to native pR, as compared to only a twofold acceleration for the same substitution in bR (27) . TR-WAXS also reveals that the protein's conformational changes are accelerated by an order of magnitude for 13-I-pR relative to native pR yet, perhaps surprisingly, the transient conformational state of 13-I-pR adopts the same structure as the transient conformation of native pR. These accelerated conformational changes were interpreted in light of free energy differences calculated for pR with the two retinal forms. We conclude that although iodination of the retinal chromophore leads to significant changes in the chemical, absorption, and kinetic properties of pR, the nature of the primary conformational changes undertaken by the protein is preserved.
MATERIALS AND METHODS
Protein expression, reconstitution, and purification Proteo-opsin from the SAR86 clade, containing a C-terminal His 6 tag for purification purposes, was heterologously expressed in Escherichia coli UT5600 strain using the pBAD-TOPO (Invitrogen, Carlsbad, CA) plasmid (7). Chromophore reconstitution was performed at the stage of cell lysis by addition of either all-trans retinal (yielding native pR) or 13-desmethyl-13-iodoretinal (yielding 13-I-pR) to the apo-protein membrane. Native pR and 13-I-pR were subsequently solubilized and purified in n-Octyl-b-D-Glucopyranoside (b-OG) using immobilized metal ion chromatography and ion exchange chromatography. Absorption spectra were recorded for solubilized native pR or 13-I-pR (25 mM KPi, 1% w/v b-OG) using a model No. ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) at pH 7.0 and pH 9.0. See the Supporting Material for details on the synthesis of 13-desmethyl-13-iodoretinal and sample preparation.
Transient absorption spectroscopy
Flash-induced absorptions transients of 25 mM native pR or 13-I-pR (25 mM KPi, pH ¼ 9.0, 1% w/v b-OG) were acquired at room temperature (23 C) in the microsecond-to-millisecond time domain on a TDS 3032 digital oscilloscope (Tektronix, Portland, OR) using a previously described flash photolysis system and a 532 nm Nd:YAG laser (6 ns, 5 mJ/pulse, 1 Hz repetition rate; Spectra-Physics, Houston, TX) with 32 transients averaged at 500 and 610 nm and 128 transients averaged at 410 nm (28) . The singlewavelength transients were modeled as single exponentials using the software Origin (OriginLab, Northampton, MA).
WAXS data collection and processing
Time-resolved WAXS data were recorded for 0.05 Å À1 < q < 2.2 Å À1 at room temperature (23 C) using a pump-probe data collection scheme at the dedicated time-resolved beamline ID09B at the European Synchrotron Radiation Facility as previously described (20, 29) . The concentrated (15 mg/mL protein, 25 mM KPi, pH ¼ 9.0, 1% w/v b-OG) native pR or 13-I-pR samples were mounted in 0.8 mm diameter quartz capillaries on a motorized translational stage and were photoactivated using a q-switched 527 nm ND:YLF laser (125 mJ/pulse, DM50; Photonics Industries, Bohemia, NY) focused to a spot of 0.26 Â 0.27 mm 2 (full width at half-maximum). The polychromatic x-rays (DE/E ¼ 3%, E f ¼ 17.5 keV, spotsize of 60 Â 120 mm 2 ), directed perpendicular to the laser, were scattered onto a Mar133 detector (Marresearch, Norderstedt, Germany) located 250 mm from the sample position. X-ray pulses of 2 ms (Dt ¼ 2 ms and 20 ms) and 20 ms (Dt ¼ 20 ms, 65 ms, 200 ms, 650 ms, 2 ms, 20 ms, and 100 ms) duration were isolated from the 7/8 bunch mode using a high-speed rotating chopper (30) .
For each image the detector was exposed for either 300 (2-ms pulse duration) or 30 (20-ms pulse duration) x-ray pulses with the sample position translated between each pump-probe cycle. Additional dark images were collected as a reference at the start and the beginning of each time series.
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The WAXS images were integrated in rings using the data analysis program Fit2D (31) to yield the radial intensity curves, S(q,Dt), expressed as a function of the magnitude of momentum change of the deflected beam (q ¼ 4psinq/l, where 2q is the angle of the deflected beam and l is the x-ray wavelength) and the time-delay (Dt) after photoactivation. Each resulting curve was normalized in the region of 1.5-1.7 Å À1 (16, 20) before subtracting the normalized dark curve, which was the average of the two images flanking the time-series, yielding the WAXS difference intensity curves DS(q,Dt) (laser-on minus laser-off; and see Fig. S2 in the Supporting Material). Each time point was typically averaged for 12-130 images in order to improve the signal/noise ratio. Photoactivation unavoidably deposits heat into the sample causing a mixing of the structural signal with that of a thermal signal (16, 18, 20) . The thermal signal for pR has previously been characterized through measurements at the Swiss Light Source (located at the Paul Scherrer Institute, Villigen, Switzerland) using a rapid readout x-ray camera (32) . This signal was convoluted with the undulator spectrum used in the TR-WAXS experiments and then used to subtract the heating contribution from each individual time point to recover the pure difference scattering intensities. For consistency, the same thermal signal was used to remove the heating contribution for both native pR and 13-I-pR (see Fig. S3 ).
Singular value decomposition of the time-resolved difference WAXS data
Each dataset was arranged in a m Â n matrix consisting of difference-scattering intensities recorded at m number of q-values (m ¼ 674) and n time points (n ¼ 8) and decomposed as DSðq; DtÞ ¼ UðqÞS v VðDtÞ T ;
where U(q) is a m Â n matrix constituting the orthonormal basis spectra (eigenvectors) of DS, S v is an n Â n diagonal matrix indicating the contribution of the basis spectra (singular values) to DS, and V(Dt) is an n Â n matrix describing the time-dependent variation of the basis spectra (amplitudes of the eigenvectors) (33) . The number of signal-containing basis spectra in each of the datasets was determined based on inspection of the eigenvectors, the magnitude of their singular values, and calculation of autocorrelation values of each basis spectra (see Fig. S4 and Fig. S5 ). The time-dependent amplitudes of each basis spectra were modeled using a single exponential rise followed by a single exponential decay for native pR, and a single exponential decay with an offset for 13-I-pR using the software Origin (OriginLab). The offset for 13-I-pR was required due to the fact that the higher level of noise associated with the last two time delays (Dt ¼ 20 and 100 ms) was fitted as a small-amplitude, yet nonzero, SVD component.
Structural refinement
In the absence of a crystallographic structure of pR, a homology model of pR based on the bR structure with an homology score of 0.27 (based on the BLOSUM40 scoring matrix) was used for structural refinement (34) . The resting state homology model and the best-fit transient conformation model, identified using rigid body modeling (20) , were inserted into an equilibrated preformed micelle consisting of 125 b-OG detergent molecules. Each protein-micelle system was solvated using 25,000 tip3p water molecules and two sodium counterions were used to make the system electrically neutral before energy minimization (400 steps, conjugate gradient method). Three-nanosecond molecular dynamics simulations were performed, using harmonic restraints on the backbone atoms (f c ¼ 1000 kJ mol À1 nm
À2
). For each resting state and transient conformational state trajectory, 10-psspaced snapshots of the protein were extracted and the theoretical scattering for these structures was analyzed pairwise.
Before calculating the theoretical scattering, each pair of structures was placed in the same representative micelle to prevent artificial effects from dominating the difference scattering due to transient differences in the micelle shape. The absolute theoretical scattering was calculated for each resting state (S i g ) and transient conformational state (S i t ) structure using the program CRYSOL (35) . In order to account for the use of a polychromatic beam in the experiment, predicted WAXS spectra were convoluted with the measured undulator spectrum (DE/E ¼ 3%) (36) . The theoretical difference scattering (DS i ) was in turn calculated as
where i ¼ 1-300 corresponds to the number of structure pairs and the exponential term, analogous to the Debye-Waller factor used in crystallography, was introduced to account for the highly disordered nature of the micelle surrounding the protein. The value of the B-factor (200 Å 2 ) was extracted from the trajectories based on the root-mean square fluctuation (RMSF) of the detergent molecules.
To evaluate the experimental differences against those from the molecular dynamics trajectories, the following error weighted c 2 -value (37) was used as
where DS i (q) is the theoretical scattering for structure pair i, DS data (q) is the experimental basis spectrum from singular value decomposition (SVD), s q is the standard deviation (noise) in each q-point of the data as compared against the same basis spectrum after filtering, N is the number of data points included in the fitting range, and M is the number of parameters used for the fitting. The data were modeled over the q-range 0.2-1.0 Å À1 (N ¼ 353) while allowing for an overall scaling factor and a limited offset between the data and theory (M ¼ 2). For the top solutions, based on minimizing c i 2 , for native pR and 13-I-pR the displacement of the C a -atoms between the resting state and the transient conformational state was calculated, after superposition, using the program LSQMAN (38) . See the Supporting Material for rigid body definitions, force-field parameters, simulation details, and free energy calculations.
RESULTS AND DISCUSSION

Spectral characterization and kinetics
Retinal and halogenated retinal were successfully incorporated into E. coli overexpressed His-tagged green-absorbing proteo-opsin (apoprotein lacking the chromophore) and reconstituted and purified in b-octylglucoside to form the solubilized native pR and 13-iodoretinal pR (13-I-pR). The replacement of a methyl group with an iodine atom at the C-13 retinal position resulted in a red spectral shift of 23-26 nm (Fig. 1 A) . Moreover, both pR and 13-I-pR underwent a~20 nm spectral blue shift when the pH was increased from 7.0 to pH 9.0 (9,10,39). These findings are consistent with earlier studies on bR (27) and indicate that the protonation state of the retinal and all key groups in the local vicinity of the Schiff base are not significantly affected by this substitution at the C-13 position. A potential complication is that the pH dependence, photocycle kinetics, and sequence of proton transfers may be affected by the presence of a His 6 tag (12). We therefore chose to perform all time-resolved spectroscopy and TR-WAXS Biophysical Journal 101(6) 1345-1353 measurements at pH 9.0, which mimics the alkaline pH in oceanic seawater and for which it has been shown that Asp 97 is deprotonated in the resting conformation of Histagged pR at this pH (40) (41) (42) .
Time-resolved spectroscopic studies of the photocycle turnover of the native and 13-iodoretinal variants showed that the rate of recovery of the resting state (pR, measured at 500 nm) and the decay of the final O-intermediate (measured at 610 nm) is approximately an order-of-magnitude faster in 13-I-pR as compared to pR (Fig. 1 B, and see Table S1 in the Supporting Material). This perturbation is significantly greater than that observed when bR retinal is substituted with 13-iodoretinal (27) for which the timescales were accelerated only twofold. More strikingly, however, the growth, plateau, and decay of differences at 500 nm and 610 nm follow almost exactly the same temporal dependence in native pR (98% negative correlation), suggesting that the changes in the transient populations of the PR and O states are almost perfectly complementary over this time window.
In contrast, these timescales separate in 13-I-pR (77% negative correlation), with the absorption minima at 500 nm being reached after~200 ms and the absorption maxima at 610 nm occurring an order-of-magnitude later. Transient absorption spectra recorded at 410 nm (Fig. 1 C) indicate that a small population of the M-intermediate of native pR (for which the retinal is deprotonated) reaches a maximum after~50 ms and rapidly decays. In contrast, no appreciable population of the M-intermediate accumulates for 13-I-pR, as is the case for native pR at lower pH (9, 43) . From these time-dependent absorption spectroscopy observations it is apparent that a more complex photochemistry arises for 13-I-pR than native pR.
Time-resolved WAXS difference data
Representative difference WAXS spectra DS(q,Dt) (after the removal of the thermal signal) are shown in Fig. 2 as a function of the time-delay Dt between photoexcitation and the arrival of the x-ray probe. Without any further analysis it is apparent that the amplitude of the difference signal DS(q,Dt) is stronger at Dt ¼ 2 ms for the modified retinal case (Fig. 2 B) when compared to the corresponding signal from the native protein (Fig. 2 A) . Similarly, for the two later time points (Dt ¼ 20 ms, 100 ms) the difference signal due to protein conformational changes is not visible above noise for 13-I-pR, whereas a significant structural component was clearly visible at Dt ¼ 20 ms and even persisted until Dt ¼ 100 ms for native pR.
Singular value decomposition of these data quantified the experimental differences in the structural response of the protein with time (33) . For each of the pR and 13-I-pR datasets one signal-containing component (Fig. 2 C) was identified based on singular vectors, singular values, and autocorrelations (see Fig. S4 and Fig. S5 ). The fact that a single component is sufficient to describe these data from 2 ms < Dt < 100 ms is also seen from the agreement between the individual time points and those recalculated using only these basis spectra, singular values, and amplitudes of the major component (Fig. 2, A and B, solid blue and red lines).
The temporal dependence of the light-induced conformational changes in pR can be seen in Fig. 2 D, which overlays the amplitudes of the major components extracted from TR-WAXS difference data for native pR and 13-I-pR with time. From these results it is observed that, over the temporal window sampled in this study, the pR photocycle contains one transient conformational state that builds up and decays with timescales of 2 ms and 49 ms, respectively (see Table  S1 ). When the C-20 retinal methyl group is chemically substituted by an iodine atom, these rates are significantly accelerated such that, by Dt ¼ 2 ms, 13-I-pR had reached a maximum population of its transient conformational state, an order-of-magnitude faster than that observed for the native pR, and that this conformation decays on a timescale of 2 ms (see Table S1 ). That the structural changes within pR are accelerated when the retinal is iodinated is consistent with conclusions drawn from spectroscopic analysis (Fig. 1  B, and see Table S1 ).
Structural refinement
In contrast with the observation that TR-WAXS could observe very clear differences in the rates of the rise and decay of the major structural components it is striking that the basis spectra derived from single value decomposition are almost identical for both samples of pR within the observed signal/noise (Fig. 2 C) . This apparent similarity is quantified by a specific correlation of 91% between the two basis spectra (see the Supporting Material), indicating that the nature of the structural changes occurring within pR are not significantly affected by the substitution of the C-20 methyl group with iodine.
Secondary conformational changes were modeled against the basis spectra extracted by SVD analysis using rigid movements of a limited number of possible conformational changes (cytoplasmic regions of helices E, F, and G (44) and the cytoplasmic region of helix C (45)) extracted from crystallographic studies of bR, as previously described in Andersson et al. (20) . These structural assumptions are supported by solid-state NMR studies of green-absorbing pR that show an increased mobility in helices C, F, G, and the EF-loop (46) . Moreover, studies of conformational changes in visual rhodopsin have also identified movements in these helices (47) (48) (49) . In this work we extend this protocol by introducing molecular-dynamics simulations (17) to sample conformational space about the best-fit model identified using rigid body motions (20) . We also extended the q-domain over which we previously performed the structural minimization and performed the minimization against an error-weighted difference (37) (Eq. 3) rather than an R-factor (17) .
Somewhat counterintuitively, the introduction of a strongly scattering iodine atom onto the retinal only affects the difference x-ray scattering to a minor extent (23) . This is illustrated in Fig. S6 , which overlays the difference WAXS curve calculated between the resting and transient conformational states assuming identical protein structures but with one structure pair having an iodine atom at the retinal's C-13 position. This may be understood because, unlike the case of two- (27) or three-dimensional diffraction, there is no regular lattice which amplifies the contribution of the single heavy atom when using WAXS. Fig. 3 A overlays the predicted WAXS differences resulting from the best-fit structural model for native pR overlaid upon the experimental difference WAXS basis spectra. A similar representation of the results of structural refinement is given in Fig. 3 B for 13-I-pR. Best-fit models are compared in Fig. 3 C, where the displacement of the protein backbone C a -atoms between the resting state and the transient conformational state are overlaid, and the final a-helix movements are represented as Fig. 3 D. As was indicated above from the overlay of the difference basis spectra extracted from SVD analysis (Fig. 2 C) , the secondary structural changes in pR are almost indistinguishable for the two models. Thus we conclude that the introduction of an iodine atom on the retinal C-20 position does not significantly perturb the global conformational changes that the protein undergoes during its photocycle.
Free energy estimates and the accelerated conformational transition of 13-I-pR Free energy differences (DG) associated with the substitution of 13-iodo-retinal into pR were estimated using Biophysical Journal 101(6) 1345-1353 molecular-dynamics simulations, with the retinal in both the all-trans and 13-cis configuration. These were computed using an alchemical transformation of the methyl group at C-20 into an iodine atom, employing the technique of thermodynamic integration (see the Supporting Material). For each of the retinal states this transformation was conducted with the retinal inside pR (yielding DG pR ) and with the retinal in vacuum (yielding DG vac ). DDG, defined as the difference between DG pR and DG vac , estimates the impact of the alchemical transformation on the surrounding protein matrix, where a large positive (negative) DDG indicates that the transformation destabilizes (stabilizes) the protein conformation. To avoid conformational instabilities during long-trajectories, position restraints were applied on the protein backbone during these simulations. Because the calculated DDG values depend upon the force constant f c of the backbone position restraints, DDG values should be interpreted only qualitatively. To test for bias in the specific choice of f c , we have computed DDG using a wide range of f c values between 200 and 1000 kJ/mol.
Our calculations suggest that the 13-iodoretinal substantially destabilizes the 13-cis state of pR when compared to wild-type retinal by~10-20 kJ/mol (see Fig. S7 ) and these qualitative findings are independent of the choice of harmonic restraints (f c ). Assuming that the transition state along the path toward the transient conformational state is less affected by the introduction of 13-iodoretinal, then these findings imply that structural transitions after the trans-cis isomerization would be accelerated by an iodinated retinal, in qualitative agreement with the experimental findings (Fig. 2 D) .
In contrast, the stability of the all-trans state is hardly affected by the presence of the iodine. These conclusions may be understood by reference to Fig. 4 , which illustrates that the iodine atom is bulkier than the methyl group. In the all-trans state (Fig. 4, A and C) , relaxation of the retinal helps to avoid a steric clash of the iodine atom with the adjacent side chains of residues Trp 197 and Leu 105 . In 13-cis (Fig. 4, B and D) , however, a similar structural relaxation is impeded by the kink in the retinal, leading to an unfavorable steric interaction between the iodine and the Trp 197 and Leu 105 residues and consequently an increase in the free energy. It is generally believed that steric interactions of the retinal's C-20 methyl group with the neighboring aromatic residues (e.g., Trp 197 in pR; Trp 186 in bR) is crucial for coupling the retinal isomerization to protein conformational changes (24) (25) (26) . Our findings, where this methyl group has been substituted with a bulkier iodine atom causing accelerated light-induced structural changes in pR, support this viewpoint.
Steric effects and the accelerated conformational relaxation of 13-I-pR TR-WAXS (Fig. 2) and time-resolved spectroscopy ( Fig. 1 ) both demonstrate that 13-I-pR completes its photocycle an order-of-magnitude more rapidly than native pR. This may be understood by reflecting that for bR the replacement of Leu 93 (corresponding to Leu 105 of pR) with an alanine residue greatly slows the recovery of the resting state conformation (50) . In that work it was argued that steric interactions with Leu 93 in bR restrict the flexibility of the retinal and this accelerates the retinal reisomerization back to the all-trans conformation. Similarly, it can be argued that the rate of relaxation back to the resting state ( Fig. 1 B  and Fig. 2 D) is faster in 13-I-pR than native pR because the van der Waals contacts of the iodine atom with Leu 105 are significantly stronger for the isomerized 13-iodoretinal (Fig. 4 D) .
Structural implications
Structural analysis of the difference WAXS data show that both the number of transient conformational states (Fig. 2) and their structures (Fig. 3) are not affected by the substitution of 13-iodoretinal into pR. Thus the replacement of the C-20 retinal methyl group by a bulkier iodine atom does not drive the protein into a new conformational state. Instead, we observe that the underlying structural mechanism of the pR photocycle tolerates the increased volume of the retinal without any significant structural consequences. We are thus led to the conclusion that it is subtly balanced interactions within the protein rather than the bulk of the retinal molecule which determines the end point of pR's major transient conformational state.
Because one major transient conformational state is sufficient to describe both the pR and 13-I-pR photocycles (Fig. 2) , then differences in their transient absorption properties do not arise from large-scale conformational differences between the native and 13-I-pR forms. Instead, perturbations in the rates at which transient spectral features rise and decay must be due to local differences in the vicinity of the modified retinal and specific chemical differences between the two retinal forms. Thus we are led to an understanding whereby proteorhodopsin rapidly adopts one predominant transient conformation, and it is upon the scaffold defined by this state that the proton exchange steps occur. This picture is consistent with the picture which emerged from TR-WAXS studies of bR, where TR-WAXS data showed that approximately two-thirds of the protein's global conformational change occurs before the primary proton transfer event (20) and only the amplitude of the helix movements increase during the latter part of the bR photocycle.
CONCLUSIONS
In this work a comparative TR-WAXS study was performed which analyzed the transient conformational dynamics of native proteorhodopsin and iodoretinal substituted proteorhodopsin. The 13-iodoretinal substitution caused the pR absorption maxima to be red-shifted by~20 nm and accelerated the photocycle absorption kinetics by an order of magnitude. TR-WAXS revealed that the protein conformational changes were also accelerated by an order of magnitude upon the modified retinal substitution. Despite this significant change in conformational dynamics, TR-WAXS data demonstrated that the dominant transient conformational , leading to an unfavorable increased free energy of the protein conformation. (A and C) In all-trans, that replacement has little effect on the free-energy of the conformation. For ease of understanding, we refer to the 13-I-pR retinal conformation as all-trans and 13-cis in analogy to that used for describing native pR, although (strictly speaking) the opposite nomenclature should be applied for the 13-I-pR retinal.
Biophysical Journal 101(6) 1345-1353 state of 13-I-pR had the same structure as that of the corresponding conformation of native pR. Thus, although changes to the retinal chromophore caused significant changes in the chemical, absorption, and kinetic properties of pR, the nature of the primary conformational changes undertaken by the protein was preserved.
These findings further develop the emerging biophysical method of TR-WAXS by establishing that the technique is powerful enough to accurately characterize similarities and differences for very closely related protein samples. Moreover, the successful labeling using 13-iodoretinal is an important step in realizing the proposal (23) that TR-WAXS, when used in combination with site-specific heavy atom labels, could simultaneously probe both local and global conformational changes. This bodes well for future comparative studies of protein structural dynamics using TR-WAXS.
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